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•"1 This invention was made with (knernmeni suppon under contracts NAS<')-18858 and NAS0-191()2 awarded b\ 

the National Aeronautics and Space Administration and contracts DAA-HO 1 -92-C-R275 and DAA-HO 1 -94-C-R 1 54 
awarded b\ the Advanced Research Projects Agenc\. Fhe Government has certain rights in this invention. 

BACKGROUND OF THF: INVFNTION 

*'2 The present invention relates general l\ to image generating s\ stems, and more panicularl\ to optics 

arrangements and light source arrangements especial 1\ suitable for miniaturi/ed image generating sn stems such as the 
miniaturized image generator disclosed in Inited States Patent 5,748.164 entitled ACTIVh MATRIX IJQIJIO 
CRYS I AL IMAGt GHNliRATOR, which is incorporated herein b\ reference. 

•^3 One of the ongoing challenges facing the manufacture of miniature image generating systems is providing 
smaller and smaller systems. Miniature image generating systems which are small enough to be mounted onto a helmet 
or small enough to be supported b\ a pair of eyeglasses will tmd a wide variety of uses if they can provide adequate 
resolution and brightness in a small, low-power package at a low cost. Conventional technologies such as CRTs are 
difficult to miniaturize and therefore do not hold much promise in this field. Alternatively, new systems based on VLSI 
integrated circuits are currently being developed which provide much smaller spatial light modulators for use in a 
miniaturized image generating s\ stems. However, one of the problems in this field is providing optics and illuminating 
arrangements which may be scaled down in coordination with the miniaturized spatial light modulator in order to provide 
an overall image generating sxstem which is practical and compact enough to be mounted onto a helmet or supported by 
a pair of glasses. Another problem in this field is providing an illuminating arrangement which requires as little power as 
possible in order to make the overall sxstem more portable. 

^4 Referring to Figure I . a prior art miniature image generator system generally designated by reference numeral 10 
will be described. Svstem 10 includes a transmissive spatial light modulator 12 which modulates light from a light source 
14 positioned immediatel\ adjacent to spatial light modulator 12 b\ selectivel> changing the polarization of light passing 
through the spatial light modulator. A polarizer 16 is positioned between light source 14 and spatial light modulator 12 
which allows light of one polarization from light source 14 to enter spatial light modulator 12. An analszer 18 is 
positioned adjacent to the opposite side of spatial light 12 which allows light of a particular polarization to pass through 
analNzer 18. An eyepiece lens 20 having a focal length Fl is positioned approximateK one focal length Fl from spatial 
light modulator 12 such that a viewer ma\ see a \irtual image of the pattern of modulated light formed by spatial light 
modulator 12 when the viewer's e\e is positioned in an appropriate location. .As shown in Figure 1, this arrangement 
results in a viewing region indicated bv reference numeral 22 from which a viewer mav view the entire virtual image of 
the pattern of modulated light produced bv the spatial light modulator dispiav. 
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•'."^ In the above described arrangement, since light source 14 is positioned adjacent to spatial light modulator 12. 
light source 14 must have a light emitting surface with essentiallv the same surtace area as spatial light modulator 12. 
Also, in order for the optics to perform properl\. the light source is a diHUse light source. However, these requirements 
causes two major problems. First, a large diffuse light source as described above is substantialK more expensive than 
other t\ pes of light sources. Second, because light source 14 is diffuse, a large percentage of the light generated b\ light 
source 14. indicated b\ lines 24. is directed to areas which are not within \iewing region 22 including areas in which the 
light does not pass through e>epiece lens 20. Ihis wastes a large percentage of the light produced b\ light source 14 and 
requires much more light to be produced than would be necessar> if substantiall\ all of the available light were directed 
into view ing region 22.. This wastage of light significantlv increases the power requirements of the overall system. As 
will be seen hereinafter, the present invention provides a varietv of novel optics arrangements including novel light 
source arrangements which, when combined with miniaturized spatial light modulators, are capable of providing low 
power, compact miniaturized image generating sv stems that mav be used to produce a direct view miniature displav . 

SUMMARY OF THE INVENTION 

^6 As will be described in more detail hereinafter, a svstem for producing modulated light is disclosed. The svstem 
comprises a spatial light modulator including a light modulating medium switchable between different states so as to act 
on light in wa\s which form overall patterns of modulated light. The system also includes means for switching the 
modulating medium between the different states in a controlled way and illumination means for producing a source of 
light. The system further includes optics means for directing light from the source of light into the spatial light modulator 
and for directing light from the spatial light modulator through a predetermined source imaging area. The optics means 
cooperates with the illumination means and the spatial light modulator so as to produce a real image of the source of light 
w ithin the source imaging area such that an individual is able to view a virtual image of the overall patterns of modulated 
light from the source imaging area. 

^7 In one preferred embodiment of the present invention the spatial light modulator is a reflective type spatial light 
modulator and the optics means cooperate with said illumination means and said spatial light modulator such that some of 
the light passing from the illumination means to the spatial light modulator overlaps with some of the light passing from 
the spatial light modulator to the source imaging area. 

•"8 In another embodiment of the present invention, the light source is prov ided b\ means of an arrav of light 
emitting sources such as LEDs (light emitting diodes) spaced apart b\ a predetermined distance, fhese spaced apart light 
sources, in combination with the optical components, produce an equal pluralilv of images at the source imaging area 
which are spaced apart from one another bv a predetermined distance. The optical components of this embodiment mav 
include a single collimating lens disposed optical Iv between the light sources and the spatial light modulator, or 
altemativelv. mav include a pluralitv of collimating lenses, each of w hich is disposed opticallv between an associated one 
of the light sources and the spatial light modulator so as to direct light from its associated light source to a corresponding 
portion of the spatial light modulator. 

•"9 In the case of a pluralitv of collimating lenses, the optical components also include a single evepicce lens which 
is disposed opticallv between the spatial light modulator and the source imaging area and which detlnes a much greater 
focal length than the focal length of each of the individual collimating lenses. Also, the light sources mav be disposed 




opticall) appro\imatel\ a focal length a\\a\ from their associated collimating lens, such that the pliiralit\ of images 
produced at the source imaging area are subsianlialK larger than their respective light sources. AliernaiiNeK. in this 
arrangement, the light sources are disposed opticall\ slightl\ closer to their associated collimating lens than one focal 
length so as to cause each collimating lens to direct light from its associated light source to the spatial light modulator in 
a slightK diverging manner. The spatial relationship between the light sources and the divergence of the light from the 
collimating lenses are such that the piuralit\ of images produced at the source imaging area overlap one another in a 
predetermined \\a\ . 

•"lO The plurality of light sources ma\ be provided in a variet\ of arrangements. In a tlrst arrangement, the 
arrangement includes a single dielectric substrate having on one surface a pattern of electricalK conductive leads adapted 
for connection to a source of electric power. A pluralitv of Ll-Ds are individuallv attached to the substrate and 
electricallv connected v\ith the pattern of leads. .An equal pluralitv of individual collimating lenses are attached to the 
substrate and disposed opticallv over associated ones of the IJ-Ds. In a second arrangement, the arrangement includes a 
single LI:D wafer having on one surface a pattern of electricallv conductive leads adapted for connection to a source of 
electric power. The pattern of leads divides the wafer into the pluralitv of LLDs. An equal pluralitv of individual 
collimating lenses mav be attached to the wafer and disposed opticallv over associated ones of the LHDs. Altemativelv. 
the arrangement includes a single substrate which is attached to the [.ED wafer and which is integrally formed to define 
an associated collimating lens for each of the LHDs. In a third arrangement which mav be anv combination of the tlrst 
and second arrangement, the plurality of LEDs include LHDs of different colors thereby providing a color version of the 
miniaturized assembly. 

1 In a color version of the present invention, the light sources include ditTerent color light sources, such as LHDs, 
which are spaced apart a predetermined distance d and which emit light outwardly at a ma.ximum angle A. A light 
diffusing plate is spaced from the light sources a distance L. I hus. the positional relationship between the light sources 
and the diffusing plate is such that L is at least approximatelv equal to d A. In this way, as will be seen, it is possible to 
obtain proper registration of the ditTerent color images even though the light sources are spaced apart from one another. 

*'12 As w ill be described in more detail hereinafter, a varietv of specific arrangements for the optical components of 
the sv stem for producing modulated light are also disclosed. These arrangements include specific combinations of a 
variety of light sources, polarizers, beam splitters, analvzers. lenses, mirrors, and holographic optical elements arranged 
to direct the light from the light source into the spatial light modulator and from the spatial light modulator to the source 
imaging area. 

BRIHF DHSCRIPTION OF THH DRAW INGS 

*^I3 The features of the present invention mav best be understood bv reference to the following description of the 
presentlv preferred embodiments together w ith the accompanving drawings in which: 

•"14 Figure 1 is a diagrammatic side view of a prior ail miniaturized image generating svstem: 

•"15 Figure 2 A is a diagrammatic side view of a miniature image generating svstem designed in accordance with the 
present invention having a light source positioned awav from the spatial light modulator and including optica! elements 




which form a real image of the light source at a source imaging area and allow a \iewer to view a virtual image of a 
pattern of modulated light formed b\ a spatial light modulator when the pupil of the viewer's e\e is positioned in the 
source imaging area: 

•"16 Figure 2B is a diagrammatic side \iew of a basic retlective t\pe miniaturized image generating s\stem designed 
in accordance with the present invention which illustrates all of the elements of a particular optical s\stem tor the 
miniaturized image generator including a light source, a spatial light modulator, an e\epiece. a source imaging area, and a 
polarizing beam splitting cube tor directing one polarization of light from the light source into the spatial light modulator 
and for directing the opposite polarization of light from the spatial light modulator to the evepiece which directs the light 
to the source imaging area forming a real image of the light source within the source imaging area: 

^17 Figure 3 is a diagrammatic side view of one embodiment of a miniaturized image generating svstem designed in 
accordance with the present invention including a pluralit\ of light sources which, in combination with the other optics 
components, produce a corresponding real image of the pluralit\ of light sources at the source imaging area: 

•"18 Figure 4 is a diagrammatic side view of second embodiment of a miniaturized image generating svstem designed 
in accordance with the present invention including a plurality of light sources and a plurality of collimating lenses each of 
which is associated with a corresponding light source, which, in combination with the other optics components, produce a 
corresponding real image of the pluralitv of light sources at the source imaging area: 

*'19 Figures 5A and 5B are diagrammatic side views illustrating the optical relationship between the collimating 
lenses and the evepiece lenses of Figure 2 and Figure 4: 

•;20 Figure 6 is a diagrammatic side view of the image generator of Figure 4 in which the light sources are positioned 
slightlv closer to their associated collimating lens than one focal length so as to cause each collimating lens to direct light 
from its associated light source to the spatial light modulator in a slightlv diverging manner: 

^21 Figures 7A and 7B are diagrammatic perspective views of light source arrangements designed in accordance 
with the present invention for use in, tor instance, the miniature image generator of Figure 4: 

^22 Figure 8 is a diagrammatic side view of a third embodiment of a miniaturized image generating sv stem designed 
in accordance with the present invention including an auxiliarv polarizer positioned optically between the light source 
and the spatial light modulator: 

•"23 Figure 9 is a diagrammatic side view of the miniaturized image generating svstem of Figure 8 including an 
auxiliarv analvzer positioned opticallv between the spatial light modulator and the source imaging area: 

•■24 Figure 10 is a diagrammatic side view of a fourth embodiment of a miniaturized image generating svstem 
designed in accordance with the present invention including an polarizer positioned opticallv between the light source 
and the spatial light modulator, an analvzer positioned between the spatial light modulator and the source miaging area, 
and a curved surface arrangement for directing the light from the light source to the spatial light modulator and 
transmitting the light from the spatial light modulator to the evepiece which directs the light to the source imaging area: 
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^25 Fiiiure 11 is a diagrammatic side vieu of the miniaturi/ed image generating ssstem illustrated in f igure 10 in 
which the polari/er and anal\/er are formed as part tif the cur\ed surface arrangement: 

*'26 F-igure 12 is a diagrammatic side view of a fifth embodiment of a miniaturi/ed image generating s\stem 
designed in accordance with the present invention including a holographic polarizing beam splitter positioned optically 
between the light source and the spatial light modulator and between the spatial light modulator and the source imaging 
area; 

*'27 Figure 13 is a diagrammatic side view of a sixth embodiment of a miniaturi/ed image generating s\stem 
designed in accordance with the present invention including an edge-illuminated holographic illuminator: 

•■28 figure 14A and 14B are diagrammatic side views of a seventh embodiment of a miniaturized image generating 
svstem designed in accordance with the present invention in which the spatial light modulator is directly illuminated by 
the light source without other optics components tor directing the light into the spatial light modulator: 

*'2^) Figure 15A and I5B are diagrammatic side views of an eighth embodiment of a miniaturized image generating 
system designed in accordance with the present invention in which the spatial light modulator is directK illuminated by 
the light source without other optics components for directing the light into the spatial light modulator and the light 
source is positioned between the spatial light modulator and the eyepiece lens: 

^30 Figure 16 is a diagrammatic side view of a ninth embodiment of a miniaturized image generating system 
designed in accordance with the present invention including an arrangement for converting light which is not directed 
into the spatial light modulator by the polarizing beam splitting cube to the opposite polarization and redirecting it back 
into the polarizing beam splitting cube: 

•"31 Figure 17 is a diagrammatic side vievs of a tenth embodiment of a miniaturized image generating svstem 
designed in accordance with the present invention including a arrangement for converting light which is not directed into 
a first portion of the spatial light modulator by a first polarizing beam splitting cube to the opposite polarization and 
directing it into a second polarizing beam splitting cube associated with a second portion of the spatial light modulator: 

*'32 Figure I8A-C are diagrammatic views of an eleventh embodiment of a miniaturized image generating system 
designed in accordance with the present invention: and 

*'33 Figure 19 is a diagrammatic side view of a portion of a miniaturized image generating svstem illustrating a 
pluralitv of light sources of three different colors, a collimating lens, and a polarizing beam splitting cube tuned to a first 
one of the three ditTerent colors of light, and in which the light sources of the other two colors are positioned to cooperate 
with the collimating lens to direct their light to the polarizing beam splitting cube at angles which improve the efficiency 
at which the polarizing beam splitting cube acts upon the light of the two other colors. 

DFTAILHI) DFSC RIPTION OF I MF PRFFFRR Hi ) F:\UK)[)1MFN FS 

*'34 Turning to l igures 2-18. wherein like components are designated bv like reference numerals throughout the 
various Figures, attention is initiallv directed to Figure 2A. This Figure illustrates the general optical elements of an 




opiical svstem. desiuned in accordance with the present invention, for an image generating s\stem. or miniaturized 
assembK for producing modulated light, including a spatial light modulator, hi this case, the s\stem is a miniature 
displav system generalK indicated b\ reference numeral 26. As shown in Kigure 2A, a suitable and readlK providable 
light source 28 is positioned a\va\ from a transmissive spatial light modulator 30 having an writing arrangement 32 for 
controlling the light modulating states of spatial light modulator 30. W riting arrangement 32 ma\ also switchabK control 
light source 28. Spatial light modulator 30 modulates light from light source 28 b\ selectively changing the polarization 
of the light passing through the spatial light modulator in response to data signal from writing arrangement 32. A 
collimating lens 34 is positioned between light source 28 and spatial light modulator 30 and an e\e piece lens 36 is 
positioned between spatial light modulator 30 and a source imaging area 38 such that substantiallx all of the light 
generated b\ light source 28 is directed through source imaging area 38 except for an\ light which is specificalK 
absorbed b\ or directed awa\ from source imaging area 38 b\ other optical elements positioned within the optical path 
between light source 28 and source imaging area 38 such as. for example a polarizer 40 or an analxzer 41. f-Nepiece lens 
36 ha\ing a focal length F2 is positioned one focal length \ 2 from spatial light modulator 30 and cooperates with light 
source 28. collimating lens 34. and spatial light modulator 30 to form a real image of light source 28 at source imaging 
area 38 such that a virtual image of the pattern of modulated light trom spatial light modulator 30 is directK visible by a 
viewer from a viewing region 42. I he real image of light source 28 is formed at source imaging area 38 because light 
source 28 is positioned a distance more than F2. the focal length of eyepiece lens 36. from eyepiece lens 36. 

•'35 I he above described arrangement illustrated in Figure 2A has the advantage over the prior art of directing a 
much greater percentage of the light from light source 28 through source imaging area 38 and into viewing region 42. 
This significanllv reduces the power requirement for the light source since the wastage of light described above for the 
prior an arrangement is signitlcantK reduced if not eliminated. Also, a system designed in accordance with the present 
invention allows a wide variety of light sources to be used including light sources which are substantially less expensive 
than the large diffuse light source 14 used in the prior art svstem. However, this particular arrangement shown in Figure 
2A substantiallv increases the overall length of the svstem and therefore is not practical when miniaturization of the 
overall svstem is important. 

*;36 Reterring now to Figure 2B. an alternative basic contlguration of an overall displav svstem designed in 
accordance with the present invention and generally designated b\ reference numeral 44 will be described. Display 
system 44 includes light source 28. collimating lens 34, evepiece lens 36. and source imaging area 38 as describe above 
for Figure 2A. However, in this embodiment of the present invention, a reflective type spatial light modulator 46 
controlled bv writing arrangement 32 is used instead of a transmissive spatial light modulator. As show n in Figure 2B, a 
suitable and readilv providable polarizing beam splitting cube 48 is positioned between spatial light modulator 46 and 
eyepiece lens 36. Also, light source 28 and collimating lens 34 are positioned to one side of polarizing beam splitting 
cube 48. 

^37 During the operation of basic displav svstem 44 described above, light trom light source 28, indicated by lines 
4^. is collected bv collimating lens 34 and directed into polarizing beam splitting cube 48. I he polarizing beam splitting 
cube retlects light of one polarization, tor example S-polarized light, into spatial light modulator 46 and wastes light of 
the opposite polarization, for example P-polarized light, allowing it to pass through polarizing beam splitting cube 48. 
Spatial light modulator 46. controlled bv writing arrangement 32. acts on the light of the one polarization (S-polarized 
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light) directed into the modulator b\ coinerting certain portions ofthe light ofthe one polarization (S-polari/ed light) to 
light ofthe opposite polarization (P-polarized light) tbrming an overall pattern of modulated light that is reflected back 
into polarizing beam splitting cube 48. Ihe polarizing beam splitting cube wastes light ofthe one polarization (S- 
polarized light) by reflecting it back toward light source 28 and allows the converted light ofthe opposite polarization (P- 
polarized light) to pass through polarizing beam splitting cube 48 mto e\epiece lens 36 forming a real image of light 
source 28 at source imaging area 38. As described abo\e, the real image of light source 28 is formed at source imaging 
area 38 because light source 28 is positioned opiicallx a distance greater than one focal length of e\epiece lens 36 from 
e\epiece lens 36. Ihis arrangement also produces a \irtual image t>f the pattern of modulated light that is viewable from 
the source imaging area and \iewing region 42. One specitlc novel arrangement tor spatial light modulator 46 and 
writing arrangement 32 is disclosed in Tnited States Patent 5.7484 64. 

•"38 As illustrated b\ Figure 2B. the above described arrangement, which includes a reflective type spatial light 
modulator such as spatial light modulator 46. allows light source 28 to be moved away from spatial light modulator 46 
without increasing the front to back length ofthe overall svstem as was shown in Figure 2A. Fhis svstem. designed in 
accordance with the present invention, folds the optical path such that the portion ofthe optical path in which light from 
the light source is directed into the spatial light modulator overlaps the portion ofthe optical path in which the light is 
directed from the spatial light modulator to the evepiece lens. B\ overlapping the optical path as described, the same 
physical space is used for both of these purposes and therefore the length ofthe svstem is not increased relative to the 
prior art system described above and shown in Figure I. In the embodiment illustrated in Figure 2B. this folding ofthe 
optical path is accomplished by positioning polarizing beam splitting cube 48 in the space between spatial light 
modulator 46 and eyepiece 36. Again, this does not increase the length ofthe system because, as shown in Figure I and 
2A. the eyepiece lens must be positioned approximatelv one focal length ofthe evepiece lens away from the spatial light 
modulator which provides sufficient space for the polarizing beam splitting cube. 

^39 Bv moving light source 28 awav from the spatial light modulator as specified bv the present invention in order to 
form a real image of light source 28 at source imaging area 38. optical elements mav be added to the system which direct 
the light from source 28 into spatial light modulator 46 in a controlled way. A varietv of optical elements, which will be 
described in more detail hereinafter, may be used to direct the light frotn source 28 into the spatial light modulator and 
from the spatial light modulator so as to form a real image of light source 28 at source imaging area 38. As described 
above, these optical elements may also be arranged to allow a virtual image ofthe overall pattern of modulated light 
produced bv the spatial light modulator, in other words a virtual image ofthe displav. to be visible from source imaging 
area 38 and viewing region 42. Also as mentioned above, this arrangement of the present invention provides the 
substantial benefit of being able to direct a much larger percentage ofthe light generated bv light source 28 into source 
imaging area 38 when compared with prior art sv stems. This avoids wasting light bv directing light into regions other 
than viewing region 42, or in other words, regions from which a v iewer v ievving the displav would not be able to view the 
entire virtual image ofthe pattern of modulated light produced b> the spatial light modulator. Iherefbre. a system 
designed in accordance with the present invention more cttlcicntK uses the light produced bv the light source when 
compared with prior art image generating sv stems which reduces the power requirements of the overall svstem. 
Furthermore, a wide varietv of difTerent light sources mav be used including less expensive light sources than prior art 
sv stems require. 




•'40 Although the basic optical elements of the displa\ s\siem illustrated in Figure 2B are functional, as the overall 
sNstem is scaled down in si/e, it bect>mes more and more difficult to scale down the optical elements to the same degree. 
Also, even though the optical paths upstream and downstream of the spatial light modulator overlap, the arrangement 
shown in Figure 2B adds to the bulk of the s\stem because light source 28 is positioned somewhat otf to the side of the 
rest of the s\stem. Furthermore, since a light source with a ver\ small spatial extent is being used, the "exit pupil", that is 
the size of the real image of the source at the source imaging area, becomes so small that normal mo\ement of a viewer's 
e\e and tolerances for exact positioning of the \ iewers e\c result in the viewer's eve. at times, being moved such that all 
or portions of the virtual image of the displav are not viewable. Also, as the svstem is scaled down in size, the eve relief, 
that is the distance from the evepiece lens to the viewer's eve. indicated bv distance R in Figure 2B. is reduced. In the 
case of a helmet mounted displa>. the desired eve relief is. for example, approximately 25 mm which allows enough 
space for a viewer wearing eveglasses to comfortablv use the displav. At distances less than 25 mm this mav become a 
problem where eve glasses are concerned Both of these viewing characteristics, that is exit pupil and eye relief, are 
important to the functionalitv of the svstem. and, along with the overall bulk of the optical components used, are major 
considerations when reducing the size of a miniaturized image generating system. As will be described in more detail 
hereinafter, the present invention provides a varietv of novel arrangements which address these and other problems. 

•^41 Referring now to Figure 3 which illustrates a miniaturized displav system generally indicated bv reference 
numeral 50. a first particular embodiment of the present invention will be described in detail. As shown in Figure 3. 
miniaturized display 50 includes spatial light modulator 4o, collimating lens 34, polarizing beam splitting cube 48. and 
eyepiece lens 36 as were described above for Figure 2B. However, in accordance with the present invention, displav 50 
includes an array of or a plurality of individual light sources which are indicated b} reference numeral 52. In this 
particular embodiment and in accordance with one aspect of the present invention, the array of light sources includes 
LEDs. specifically three rows of three lJ{Ds. Light sources 52 are spaced apart so as to, in cooperation with the optics 
components, produce a real image of an equal arrav or plural itv of the sources at source imaging areas 54. Although only 
three rows of three light sources are described, it should be understood that the arrav of light sources mav include a wide 
variety of numbers of light sources depending on the specific requirements of the situation. Also, although the light 
sources have been described as LFDs, it should be understood that the present invention is not limited to LEDs but 
instead includes other forms of light sources including, but not limited to, laser diodes, cold cathode or field emitter 
cathodoluminescent sources and incondescent and flourescent lamps together with a svvitchable color filter such as 
Displayteck's RGB Fast Filter color filter. Fiinhermore. each of the light sources may be made up of a cluster of light 
sources such as several LFDs tiled together to form the light source. In a color version of this embodiment, this cluster of 
light sources includes light sources of difTerent colors tiled together to form each light source. 

•"42 Still referring to Figure 3. light sources 52 are spaced apart b\ a specific distance Dl which produces real 
images of light sources 52 at source imaging areas 54 that are spaced apart bv a specific distance 02 which can be easily 
calculated bv those skilled in the optics art. Distance Dl is selected to be a distance v\hich causes distance D2 to be a 
distance which is less than the diameter of a tvpical viewer's pupil, for example less than 3 mm. when the vievser's pupil is 
adjusted to the brightness of the displav. Fhis allows the viewer to view the virtual image of the entire displav so long as 
the pupil of the viev\er's e>e is within the overall source imaging area which includes all of source imaging areas 54 or 
vsithin v iewing region 56. For purposes of the present invention, this positioning of the images of the light sources such 
that the viewer is able to view the vinual image of the entire displav so long as the pupil of the vievser's eve is within the 
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overall source imagine area is deilned as siibslantiall\ tilling the source imaging area. B\ producing a pluraliu ot images 
as shown in Figure 3. the overall source imaging area is enlarged. By controlling the distance Dl that the light sources 
are spaced apart, the spacing of the images is controlled and therefore the overall size of the source imaging area is 
controlled. Also, the overall source imaging area ma\ be further enlarged b\ increasing the number of light sources 
making up the array of light sources. Ihis arra> of light sources enlarges the overall source imaging area without 
increasing the si/e of the other optics components or the ^i/e of the overall displav svstcm. Iheretbre. the displav svstem 
nia\ be scaled down in size w ithout creating the problem of producing an exit pupil that is to small or. in other words, a 
source imaging area that has an area to small to be practicallv viewed as described above. 

•"43 In a specific example comparing the system shown in Figure 3 to the basic svstem shown in Figure 2B, the light 
source miages at the source imaging areas are magnified bv the ratio of the evepiece focal length to the collimating lens 
focal length when the light source is placed one focal length of the collimating lens from the collimating lens. W ith both 
the collimating lens and the evepiece lens having approximately the same diameter, about equal to the display diagonal, 
and using conventional lens technologv. the magnification factor would typically be difficult to make much larger than a 
factor of tv\o while maintaining a t'ocal length tor the evepiece that provides the desired eve relief I sing an FED 0.25 
mm square as the light source and a magnification factor of 2, the corresponding image would be 0.5 mm square. 
Therefore, the system shown in Figure 2B would form an image at source imaging area 0.5 mm square. With a source 
imaging area this small and using a viewer's pupil diameter of 3 mm, for example, it is clear that the viewer's pupil would 
move out of the source imaging area during normal movement of the eve. However, using the arrangement designed in 
accordance with the present invention and shown in Figure 3. a display of the same size using the same lenses and having 
each of the nine FEDs of the array spaced 1 mm apart, produces a source imaging area 4.5 mm square. This area 
includes the array of nine 0.5 mm square images spaced 2 mm apart. Also, using the same pupil diameter of 3 mm, the 
viewer's pupil would alwav s be able to view at least one of the images as long as the pupil was positioned somewhere 
within the source imaging area. As mentioned above, this source imaging area would be further enlarged bv increasing 
the number of light sources making up the arrav . 

M4 Referring to Figure 4 which illustrates a miniaturized displav system generallv indicated bv reference numeral 
58. a second embodiment of the present invention w ill be described in detail. As shown in Figure 4. miniaturized display 
58 includes spatial light modulator 46. polarizing beam splitting cube 48. ev epiece lens 36. and the array of individual 
light sources 52 as were described above for Figure 3. However, in accordance with the present invention, displav 58 
includes an arrav or a pluralitv of individual collimating lenses which are indicated bv reference numeral 60. each of 
which is associated with one of the light sources 52 and each of vs hich has a focai length much shorter than would be 
possible using a single collimating lens as described above. In this particular embodiment, the arrav of collimating lenses 
includes three rows of three lenses. Each light source 52 is positioned one focal length of its associated collimating lens 
from its associated collimating lens. 1-ach of these light sources 52 and their associated collimating lens 60, in 
cooperation with the other optics components, illuminate an associated portion of spatial light modulator 46 and produce 
a portion of an overall virtual image of the spatial light modulator illuminated bv the associated light source. Therefore, 
an overall virtual image is formed which corresponds to overall spatial light modulator 46. Although onlv three rows of 
three light sources and their associated collimating lenses arc described, it should be understood that the arrav of light 
sources and their collimating lenses mav include a wide varietv of numbers of light sources, which ma\ be of different 
colors, and collimating lenses depending on the specific requirements of the situation. I urthermore, each of the light 




sources associated with each collimating lens ma\ be made up of a cluster of light sources such as several l.KDs tiled 
toiiether to form the light source. In a color \ersion of this embodiment, this cluster of light sources includes light 
sources of ditTerent colors all associated with one collimating lens. 

♦■45 E3\ using the arrangement illustrated in f igure 4 and as will be described in more detail immediateK hereinafter, 
two advantages are provided, f irst, using a pluralitv of collimating lenses allovss for a shorter optical path in the 
illuminator portion of the svstem reducing the required si/e and bulk of this portion of the s\stem. Second, by using 
smaller diameter collimating lenses, w ith corresponding shorter focal lengths, the real image of sources 52 formed at a 
source imaging area 62 is magnified b\ a factor proportional to the ratio of the focal length of the eyepiece lens relative 
to the focal length of the collimating lens, which in this arrangement would be a significant magnification. 

•"46 Referring to Figures 5A and 5B. a specific example of the above mentioned two advantages prov ided b\ the 
arrangement shown in figure 4 will be described. Figure 5A illustrates the unfolded optical path of the light of the 
arrangement shown in Figure 213 while Figure 5B illustrates the unfolded optical path of the light tor a single light source 
m the arrangement designed in acct)rdance with the present invention and shown in f igure 4. Using the same lens focal 
length ratios as were used in the previous examples, the arrangement shown in Figure 5 A results in a magnification factor 
of two. This is obtained bv using evepiece lens 22 having a focal length of 25 mm. the desired eye relief distance, and 
fast collimating lens 34 with a 12.5 mm focal length. Using the same 0.25 mm square LED light source 28, the resulting 
magnified image at source imaging area 38 is 0.5 mm square as mentioned in the earlier example. However, as shown in 
Figure 5B. because the diameter of the plurality of collimating lenses 60 in overall displav 58 are much smaller, a much 
smaller focal length mav be used. In this example, if the focal length of each of the collimating lenses is reduced by a 
factor of four to 3.125 mm. (keeping the focal length of the eyepiece at 25 mm) this results in a magnification factor of 8 
and an image at the source imaging area 62 of 2 mm. As mentioned above, because the focal length of collimating lenses 
60 are reduced, light sources 52 ma\ be moved in closer to the lenses, reducing the optical path length and the bulk of the 
illuminator portion of the overall displav s>stem. Furthermore, as mentioned above, it should be understood that the 
array of light sources and collimating lenses max have a w ide varietv of numbers of light sources and collimating lenses. 
As the number of the light sources and associated collimating lenses is increased, both of the above described advantages 
are further improved. 

^47 Referring to Figure 6. a variation of the embodiment illustrated in Figure 4 will be described. In this variation, 
all of the components making up overall displav 58 are the same with the onl\ difference being the positioning of light 
sources 52 relative to collimating lenses 60. As shown in Figure 6, light sources 52 are positioned slightly closer to 
collimating lenses 60 which causes the collimating lenses to direct light into spatial light modulator 46 in a slightly 
diverging manner, fhis results in several advantages in the overall displav. First, since this causes the source imaging 
area to move further from evepiece lens 22. this increases the eve relief slightlv. providing a more comfortable viewing 
position. Second, since the magnification factor is determined bv the ratio of how far the source imaging area is from the 
evepiece lens which is increased in this case and how tar the light source is positioned from the collimating lens which is 
reduced in this case, the magnification is increased. I his further enlarges the real image of the source at the source 
imaging area. Third, since the light sources are moved even closer to the collimating lenses the si/e of the illuminator 
portion of the svstem is reduced still further as compared to the svsteni of Figure 4. And flnalK. the slightlv diverging 
light from each light source creates overlaps of the light from each light source on spatial light modulator 46. This 
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overlap improves the overall displa\ b\ reducini: dim spots in the virtual image of the displav as well as reducing 
longitudinal vignetting, or in other \sords, reducing the problem of losing view ot the displav if the viewer's pupil is 
moved further awav from the displav than the designed eve relief distance. As an actual example, where the focal length 
of each collimating lens is 3.125 mm. to accomplish the desired divergence, the cooperating light source could be 
positioned 3 mm or less from its collimating lens. 

•^48 The repositioning of the light source as described above can onl\ be done to a limited extent. As light sources 
52 are moved closer and closer to collimating lenses 60 (which now no longer actually collimate the light), the light is 
directed into polarizing beam splitting cube 48 in more and more of a diverging manner. Since polarizing beam splitting 
cubes work most eftlcientK on light entering the cube at a specific angle (in this case collimated light from the light 
source entering normal to the cube surface) the polarizing beam splitting cube directs, or leaks, more and more light of 
the wrong polarization into the spatial light modulator therebv reducing the contrast of the displav. Because of this 
limitation, light source 52 can only be moved a limited distance closer to collimating lens 60 without adverselv effecting 
the contrast of the displav. 

^49 Referring to Figure 7A and 7B. two specific light source arrangements designed in accordance with the present 
invention will be described in detail. Figure 7A illustrates a light source arrangement generally designated by reference 
numeral 64 which includes a glass substrate 66. An arrav of light sources 68. such as LFD die. are attached to glass 
substrate 66. In the particular embodiment shown, three rows of three I-FD die are attached to the glass substrate. An 
array of lenslets 70. each of which corresponds to an associated light source 68. are attached to glass substrate 66 directly 
above their associated light sources. Arrangement 64 also includes an arrav of electrical Iv conductive leads 72 printed or 
otherwise attached to glass substrate 66 and adapted for connection with a suitable power suppiv to provide electrical 
power to each of light sources 68. In this arrangement, leads 72 may be provided as transparent leads made from, for 
example, indium-tin oxide. Although light source arrangement 64 is described as having onlv three rows of three light 
sources, it should be understood that the arrav of light sources ma\ include a w ide varietv of numbers of light sources 
depending on the specific requirements of the situation. Also, although the light sources have been described as LHDs, it 
should be understood that the present invention is not limited to LFDs but instead includes other forms of light sources 
including but not limited to laser diodes, cold cathode or field emitter cathodoluminescent sources and incondescent and 
tlourescent lamps together with a switchable color filter such as Displav teck's RGB Fast Filter color filter. Furthermore, 
each of the light sources mav be made up of a cluster of light sources such as several LFD die tiled together to form the 
light source. In a color version of this embodiment, this cluster of light sources includes light sources of difTerent colors 
tiled together to form each light source. The focal length and positional arrangement between light sources 52 and lenses 
60 described with respect to Figure 6 ma\ be maintained in arrangement 64 and arrangement 74 to be described 
immediatelv below. 

*'50 Referring to Figure 7B. an alternative embodiment of a light source arrangement designed in accordance with 
the present invention and generalK designated bv reference numeral 74 will be described. Fight source arrangement 74 
includes a substrate 76 having an LIT) water 78 attached to one surface, fhis l.l.D wafer 78 is a relativeiv large portion 
of an F["D wafer which is not cut into small individual die as is tvpicallv done in the manufacture of LFDs. but instead, is 
a continuous sheet of ITT) wafer material, in this particular embodiment approximatelv 25 mm square. A grid of 
electricallv conductive leads 80 are formed on the surface of FIT) wafer 78. l eads 80 mav be either transparent or 
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opaque depending on the requirements of the application and are adapted to distribute electrical power tVom a suitable 
povser suppl) over the entire surface ofthe \sater. substantiall> uniformlN. such that when power is applied to the grid of 
leads, the entire LF-D wafer emits light of substantialls uniform brightness. Leads 80 ma\ be applied to LHD wafer 78 
using conventional screen printing or integrated circuit manufacturing techniques. Although light source arrangement 74 
has been described as being 25 mm square, it should be understood that this arrangement ma\ be used to provide 
continuous light sources of a wide varierv of si/es. In fact, a pturaiit> of light source arrangements using Ll.D wafers as 
described immediatelv abov e mav be tiled together to form v er\ large light sources depending on the requirements of the 
situation. 

Still referring to Figure 7B. if collimated light is desired for the application in which light source 74 is to be 
used, the grid of electricallv conductive leads 80 max be formed using an opaque material, fhis opaque grid of leads 
effectivelv divides the wafer into an arra\ of individual LHD wafer portions or individual LHI) light sources, one of 
which is indicated b\ reference numeral 82. with all of the LLD wafer portions arranged immediatelv adjacent one 
another. Lor this embodiment, light source arrangement 74 funher includes an arrav of colIiiTiating lenslets 84 overlaving 
the arrav of individual LI-D wafer portions 82 and formed within a single sheet 86. l-ach lenslet 84 is associated with a 
corresponding LLD wafer portion 82 and is aligned with and positioned ditectiv above its associated wafer portion. This 
arrangetiient provides a nearlv continuous sheet of LED light sources which emit collimated light through their associated 
lenslets. Also, because this arrangement is ver\ thin, it is an excellent light source for use in a miniaturized image 
generating svstem. In fact, using a light source arrangement such as arrangement 74 in an image generating system 
designed in accordance with the present invention essentially eliminates the additional bulk of the overall system due to 
positioning the light source arrangement to one side of the overall sv stem as described above. 

•'52 Although the light source arrangement described above has been described as being used in a miniaturized 
image generating sv stem. it should be understood that this arrangement of and method for producing an LLD wafer light 
source in a relativeK large sheet is not limited to this specific application. Instead, the L[:D wafer light source of the 
present invention may be used in a wide varietv of applications which require a thin, bright, evenlv distributed light 
.source. 

^'53 Referring now to Figure 8. another embodiment of an assemblv for producing modulated light designed in 
accordance with the present invention and general 1\ designated bv reference numeral 88 will be described. AsscmbK 88 
includes all of the components included in system 44 illustrated in Figure 2B, that is. assembly 88 includes light source 
28, spatial light modulator 46. source imaging area 38. collimating lens 34. polarizing beam splitting cube 48, and 
evepiece lens 36. However, in accordance with the present invention, assemblv 88 turther includes an au\iliar\ polarizer 
90 positioned opticallv between collimating lens 34 and polarizing beam splitting cube 48. Polarizer ^0 improves the 
eftlciencv at which the svstem directs light of onlv one polarization (in this case, for example. S-polarized light) into 
spatial light modulator 46. 

•"54 ReadiK available polarizing beam splitting cubes, such as cube 48. are not HKPo efllcient at directing only light 
of one polarization (for example. S-polarized light) into spatial light modulator 46, in other words, cube 48 leaks some of 
the light of the opposite polarization (in this case P-polarized light) into the modulator, fhis is especiallv true if the light 
is not ver\ well collimated and if the light includes a varietv of wavelengths. The more collimated the light entering 




polarizing beam splitting cube 48 and the narro\\er the wavelength band of light entering polarizing beam splitting cube 
48. the more effective it is at directing onl\ light of one polarization (S-polari/ed light) into the spatial light modulator. 
By adding au.\iliar\ polarizer 90. the vast majorit\ of light allowed to enter polarizing beam splitting cube 48 is alread\ 
of the one polarization (S-polarized light) which is desired to be directed into spatial light modulator 46. I herefore the 
amount of light of the opposite polarization (P-polarized light) available to leak into spatial light modulator 46 is 
substantiallv reduced, increasing the overall eftlciencv at which assemhlv S8 directs onlv light of one polarization (S- 
polarized light) into spatial light modulator 46. fhis use ot an au\iliar\ polarizer improves the contrast of the image 
generated bv the overall image generating svsiem and is equallv applicable where multiple light sources are used. 

•^55 The svstem illustrated in Figure 9 illustrates the assembK for producing modulated light shown in Figure 8 
which, in accordance with the present invention, further includes an auxiliarv anaKzer *^2. .Au\iliar\ anaixzer 92 is 
positioned between polarizing beam splitting cube 48 and evepiece lens 36 and further improves the contrast of the 
system bv blocking anv light of the one polarization (S-polarized light) which is intended to have been reflected away 
from eyepiece lens 36 by polarizing beam splitting cube 48 but leaked through the polarizing beam splitting cube because 
the cube is not lOO^o effective as described above. I sing au\iliar\ polarizer 90 and au\iliar\ analvzer 92 provides good 
contrast in the overall image generated b\ the svstem while relaxing the requirements on polarizing beam splitting cube 
48 such that a conventional and readily providable polarizing beam splitting cube may be used even if the light directed 
into the cube is directed into the cube in a slightlv diverging manner and is made up of a variet\ of different wavelengths, 
if fact, using auxiliarv polarizer 90 and auxiliar\ analvzer 92 allows a non polarizing beam splitter to be used in place of 
polarizing beam splitting cube 48, although this is not as effective as the svstem described above. 

^56 Referring to Figures 10 and 11. another embodiment of a miniature display system generally designated by 
reference numeral 94 will be described. In accordance with the present invention, miniature displav svstetn 94 includes 
light source 28, spatial light modulator 46, source imaging area 38 and evepiece lens 36 as have been described above for 
several other embodiments. However, in this embodiment, light source 28 is positioned adjacent to one of the edges of 
spatial light modulator 46 which dramaticallv reduces the size of the overall svstem by essentiallv eliminating the 
illuminator portion of the optical path that in the previous embodiments has been located otT to one side of the axis 
normal to the spatial light modulator and evepiece lens. Also, collimating lens 34 and polarizing beam splitting cube 48 
of Figure 2B are replaced bv (i) a suitable and readily providable curved surface beam splitter 96 positioned between 
spatial light modulator 46 and eyepiece lens 36. (ii) an auxiliarv polarizer 98 positioned between light source 28 and 
curved surface beam splitter 96, and (iii) an auxiliarx analvzer 100 positioned between curved surface beam splitter 96 
and eyepiece lens 36. Curved surface beam splitter 96 is designed to reflect and collimate a portion of the light (in this 
case S-polarized light) from light source 28 after it has passed through auxiliarx polarizer 98 directing this light into 
spatial light tiiodulator 46. Curved surface beam splitter 96 also is designed to transmit a portion of the light directed 
from spatial light modulator 46 to eyepiece lens 36 (in this case both S-polarized light and P-polarized light). However, 
auxiliarv analvzer 100 blocks light which has not been converted to the opposite polarization (in this case blocking S- 
polarized light) so that onlv light converted to the opposite polarization (P-polarized light) bv spatial light modulator 46 
is allowed to pass into evepiece lens 36. 

^57 AlternaliveK, as illustrated in Figure II, curved surface beam splitter 96 is replaced with a curved surface 
polarizing beam splitter 102 which includes a surface coaling which makes it a polarizing beam splitter. This eliminates 
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the need for aii\iliar\ polari/er or aii\iliar\ anal\/er 100 or both polari/er ^>8 and anaK/er 100. Both of the 
arrangements shown in Figures 10 and 1 1. in accordance with the present in\ention and as mentioned above, signitlcantlv 
reduce the bulk and weight of miniaturized displav s>slem 94. Also, since it is known in the prior art how to produce a 
curved surface beam splitter which would be suitable for these applications, all of the above described components are 
readiK proxidable. 

•^58 Turning now to Figure 12. another variation of the immediatelv above described miniaturized display system 
generallv designated bv reference numeral 104 will be described. Miniature displav system 104 is identical to system 94 
shown in Figure 1 1 except that curved surface polarizing beam splitter 102 is replaced with a flat holographic polarizing 
beam splitter 106 which serves the same purpose. Holographic polarizing beam splitter 106 includes a diffraction grating 
which serves as the hologram which in turn serves as a beam splitter, a polarizer analvzer. and as a collimator. It is 
known in the prior art how to produce a holographic polarizing beam splitter which would be suitable for these 
applications, and therefore as mentioned above for Figure II. all of the components required for displav svstem 104 are 
readilv providable. One example of such holographic diffusers are Phvsicai Optics Corporation's IJght Shaping 
Diffusers'^^^ As described above for other embodiments of the present invention, auxiliary polari/er 98 and auxiliarx 
analyzer 100 may be added to svstem 104. This would allow a holographic beam splitter which is not polarizing to be 
used in place of holographic polarizing beam splitter 106 if desired. 

^59 in another variation of the immediately above described embodiment. Figure 13 illustrates a miniature display 
system designed in accordance with the present invention and generalK designated bv reference numeral 108. In system 
108. holographic polarizing beam splitter 106 of Figure 12 is replaced by an edge illuminated holographic optical 
element 1 10 and light source 28 is replaced with at least one laser diode 1 12 positioned at the edge of holographic optical 
element I 10. In this arrangement, holographic optical element 1 10 is a flat element with a relatively small thickness and 
is positioned adjacent to the top surface of spatial light modulator 46 so that it covers the entire light modulating surface. 
Laser diode 112 directs light into at least one edge of holographic optical element 1 10 which is constructed with a 
refractive index grating. This retractive index retracts the light in a controlled wa\ to evenlv illuminate spatial light 
modulator 46. In one variation of this embodiment, holographic optical element 110 also acts as the polarizer and 
analyzer by directing only light of one polarization into spatial light modulator 46 and only allowing light of the opposite 
polarization to be transmitted through it from spatial light modulator 46. Alternativelv, as described above for other 
embodiments, auxiliarv polarizer 98 and auxiliarx analyzer 100 mav be added eliminating the need for holographic 
optical element 1 10 to act as the polarizer and analyzer. 

•"60 As shown in Figure 13. the size of miniature displav svstem 108 is able to be reduced even further than an> of 
the above described arrangements. First, because the laser diodes are positioned immediatelv adjacent to holographic 
optical element 110 the length of the optical path between these elements is minimized. Second, since holographic 
optical element 1 10 provides all the functions of polarizing beam splitting cube 48 of Figure 2B, and because 
holographic optical element I 10 is so thin, the optical path between spatial light modulator 46 and eyepiece lens 36 is 
also minimized. 

•"61 Although in each of the above described embodiments illustrated in Figures 10-13. the light source has been 
illustrated as being a single light source, it should be understood that the light source mav include a pluralitv of light 
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sources. In fact, as described above for other embodiments, in color versions of these embodiments, the light source 
would include light sources of different colors. For example, in Figure 13, light source I 12 ma> include a pluralit\ of 
laser diodes of different colors. 

•*62 Referring now to Figures I4A and 14B. another embodiment of a miniature displax s\stem designed in 
accordance v\ith the present invention and generallv designated b\ reference numeral 1 14 will be described. As shown in 
Figure 14A. displav 1 14 includes ai least one light source 1 16. a polari/er 1 18. spatial light modulator 46 having a light 
receiv ing planar surface 120. an evepiece lens 122. and an anal>/er 124. In accordance with the present invention, light 
source ! 16 is positioned adjacent to the perimeter of evepiece lens 122 and directs light through polarizer 1 18 such that 
light of one polarization (in this case S-polarized light) is directed into spatial light modulator 46 at an acute angle to an 
axis 126 normal to light receiv ing surface . Spatial light modulator 46 modulates the light converting certain potions of 
the light to the opposite polarization (P-polarized light) and directs the light into evepiece lens 122. livepiece lens 122 is 
positioned off axis from axis 126 normal to the center of spatial light modulator 46 and therefore is a suitable and readilv 
available asymmetrical lens. Fvepiece lens 122 directs the light from spatial light modulator 46 to source imaging area 
128 through analv/er 124. Analvzer 124 blocks light which has not been converted to the opposite polarization (blocks 
S-polarized light) so that onlv the converted light is directed to source imaging area 128. 

^^63 As shown in Figure 14B, light source 116 may include a pluralitv of individual light sources positioned at 
discrete locations around the perimeter of the evepiece lens. In this arrangement, a svmmetrical lens, such as eyepiece 
lens 36. is positioned on axis with axis 126 normal to the center of spatial light modulator 46. As mentioned above for 
other embodiments, light source 1 16 used in both Figure I4A and I4B may be provided in a variety of specific forms 
such as. but not limited to, an l.HD. a laser diode, or a varietv of other such devices. Furthermore, each of the light 
sources may be made up of a cluster of light sources such as several LHDs tiled together to forni the light source. In a 
color version of this embodiment, this cluster of light sources includes light sources of different colors tiled together to 
form each light source. 

*^64 Turning to Figures 15A and 15B. a variation of the miniature displav svstem described immediateU above will 
be described. As shown in Figure I5A. miniature display system 130 includes all of the components described above for 
the miniature display system illustrated in Figure I4A except that symmetrical eyepiece lens 36 is used instead of 
asymmetrical lens 122. However, in system 130 of Figure 15A light source 116 and polarizer 118 are positioned 
between spatial light modulator 46 and evepiece lens 36. This arrangement causes the problem that the viewer's view of 
the spatial light modulator is partiallv blocked bv light source 1 16. However, if spatial light modulator 46 uses a vveaklv 
diffused mirror rather than a specular mirror, this problem is minimized. Alternativelv. as shown in Figure 15B. this 
problem is overcome b\ using a pluralitv of light sources 1 16 and cooperating polarizers positioned between spatial light 
modulator 46 and evepiece lens 36. This pluralitv of light sources ma\ be provided bv an arrangement such as light 
source arrangement 64 described above and illustrated in Figure 7 A, 

•"65 Referring to Figures 16 and 17. two variations of an assembly for producing modulated light designed in 
accordance with the present invention and generallv designated bv reference numerals 132 and 134 will be described. As 
shown in Figure 16. assemblv 132 includes light source 28, spatial light modulator 46. collimating lens 34. polarizing 
beam splitting cube 48. and evepiece lens 36 as described above for Figure 2B. However, assemblv 132 further includes 



a mirror 136 positioned on the opposite side of cube 48 relative to light source 28. Mirror 136 is positioned to reflect the 
light of the polarization which is transmitted through polarizing beam splitting cube 48. in this case P-polarized light, 
back to a point 138 immediateK adjacent but to one side of light source 28. Assembls 132 also includes a quarter wave 
plate 140 and a mirror 142 positioned at point 138 which convert the light of the polarization which is transmitted b\ 
cube 48 (P-polarized light) to light of the opposite polarization (S-polarized light) and redirects the light back into cube 
48. This arrangement doubles the amount of light used from light source 28 b\ not wasting the half of the light which is 
of the polarization that is transmitted b\ cube 48. Also, since mirror 136 reHecls the light back to point 138 immediatel\ 
adjacent to light source 28. this arrangement in effect provides a second light source which provides the benetits 
described above for the arrangement illustrated in I igure 3 where multiple light sources are provided. Alternativelv. if 
multiple light sources are used in this arrangement, it effectivelv doubles the number of light sources, again providing the 
above described advantages. 

•"66 Figure 17 illustrates an alternative assembK 134 to avoiding the wasting of light from light source 28. As shown 
in Figure 17. polarizing beam splitting cube 48 is replaced bv a tlrst and a second smaller polarizing beam splitting 
cubes, indicated bv reference numerals 144 and 146 respectivelv . each of which is positioned over a corresponding 
portion of spatial light modulator 46. Also, mirror 136. mirror 142. and quarter wave plate 140 are replaced bv half wave 
plate 148 positioned between the two polarizing beam splitting cubes 144 and 146. In this arrangement, light from light 
source 28 is directed into tlrst polarizing beam splitter 144 bv collimating lens 34. Cube 144 directs light of one 
polarization, in this case S-polarized light, down into its associated portion of spatial light modulator 46 and allows light 
of the opposite polarization (P-polarized light) to pass through cube 144. Since half wave plate 148 is positioned 
between cube 144 and cube 146. the light which is transmitted through cube 144 (P-polarized light) is also transmitted 
through half wave plate 148 w hich converts the polarization of the light passing through it to the opposite polarization (S- 
polarized light). Therefore, the light entering cube 146 is essentially all light of the polarization (S-polarized light) which 
cube 146 directs down into its associated portion of spatial light modulator 46. Fhis arrangement provides the benefit of 
not wasting light of one polarization from light source 12 and also signitlcantiv reduces the bulk of the overall assembly 
by reducing the bulk of the polarizing beam splitting cubes. 

•'67 Referring to Figures 18A-C. another presentK preferred embodiment of a miniaturized display system designed 
in accordance with the present invention and generallv designated bv reference numeral 150 will be described. As shown 
in Figure 18A. display 150 includes spatial light modulator 46. polarizing beam splitting cube 48. and eyepiece lens 36 
as have been described above for several other embodiments. However, displav 150 further includes a light source 152 
surrounded by a reflector 154: a diffusing plate 156 positioned between light source 152 and polarizing beam splitting 
cube 48: a Fresnel collimating lens 158 positioned between diffusing plate 156 and cube 48: a black plastic housing 160 
surrounding and supporting light source 152. difTusing plate 156, and Fresnel lens 158: and a source imaging area 162. 
Fresnel lens 158 is used in this embodiment because it is less expensive, lighter weight, and is able to be constructed with 
a shorter focal length than a conventional lens of the same diameter. 

•'68 In a monochrome version of this embodiment. difTusing plate 156 difTuses the light from light source 152. which 
is made up of a pluralitv of light sources. As shown best in Figure 18C. plastic housing 160 supports difTusing plate 156 
at a specific distance 1. awav from light source 152 between light source 152 and Fresnel lens 158. Also as shown in 
Figure I8C. the light emitting portions of the IJ-Ds are spaced apart a certain distance d and emit light at a certain angle 
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A. As will be described in more detail immedialelv hereinatter. this arrangement provides the best results when disusing 
plate 156 is a weak diffuser and is placed at least a distance L from the light source. I his distance L is determined b\ the 
equation L d A. This arrangement provides the proper mixing of the light from light source 152 so that the light from 
light source 152 provides a substantialK uniform brightness of light throughout source imaging area 162. 

*'69 In a color version of this embodiment, light source 152 is made up of a pluralit\ of different colored LhDs. in 
this case, three green LF:Ds 164. two red LIT)s 166. and two blue Lf-Ds 168. all positioned immediatel\ adjacent to one 
another. Reflector 154 surrounds all se\en LI:Ds and helps direct the light from the IJ-Ds toward Fresnel collimating 
lens 156. In the color version, diffusing plate 156 is positioned a distance L from light source 152 such that there is 
sufficient mixing of the light from the different color light sources so as to be able to achieve a substantialK uniform 
white light throughout source imaging area 162. 

•"70 When operating the color version of the miniaturized displa\ s\stem shown in F-igure ISA. light of each of the 
three colors is directed into spatial light modulator 46 of different times and modulated to produce the proper gra\ scale 
image desired for that panicular color. The three colors are cvcled at a frame rate or speed suftlcientlv fast to cause the 
viewer's e\e to integrate the three different colored gra\ scale images into an integrated color image. Because the exact 
location of each of the three different colored lJ!Ds making up light source 152 are spaced apart by distance d. if 
diffusing plate 156 were not included, each LED would form a corresponding image at source imaging area 162 which is 
spaced apart from the images formed b\ the other LEDs as described above for Figure 3. This is not a problem for a 
monochromatic displav since all of the images would be the same, however, w ith a color displav this would result in 
shifts in the color of the perceived image with movement of the \ iewer's pupil. I'his problem is solved b\ placing 
diffusing plate 156 between light source 152 and Fresnel lens 158 as mentioned above. 

•'71 The specific positioning and the ditTusing strength of diffusing plate 156 have a significant impact on the 
performance of the s\ stem. As mentioned abo\e, the best results occur when a weak diffuser is positioned at least a 
distance L awa\ from light source 152 This positional relationship between the distance from the light source at which 
the diffuser is placed, the distance between the individual light sources, and the angle at which the light sources emit light 
causes enough overlap of each of the light sources at the difTusing plate such that when the light is weakly ditYused, the 
images formed at source imaging area 162 are properly mixed minimizing the color registration problem described 
above. 

•"72 Although the above described displax s>stem has been described including a single light source made up of 
seven LFDs adjacent to one another, it should be understood that the present invention is not limited to one such light 
source. Instead, the light source ma\ be made up of a pluralitv of light sources as described for Figure 3 w ith each light 
source including light sources of difTerent colors. Also, although in the above described example seven LFDs were used, 
the present invention would apply regardless of the specific number of FlT)s used and regardless of the specific type of 
light source used. For example, the L!!Ds mav be replaced with laser diodes, cold cathode or field emitter 
cathodoluminescent sources, incondescent and flourescent lamps together with a switchable color tiller such as 
Displavteck's RCjB Fast Filter color filter, or anv other appropriate light source. Furthermore, although the above 
described displav has been described as including a single collimating lens, it should be understood that, as described for 
Figure 4. this embodiment mav incorporate a pluralitv of collimating lenses. In fact, the light source used in this 
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embodiment ma\ be provided b\ a light source as described abo\e tor I igiire 7A in which a pluralitx ot light sources, 
such as IJ-Ds. are attached to a substrate to form an overall light source. 

^73 Referring to F igure 1^. another arrangement tor improving the performance of a color version of an image 
eeneraling svstem will be described. Figure 19 illustrates a portion of a miniaturized image generating sv stem including 
light source 170. As described above for Figure 18A-C^ light source 170 includes green light source 164. red light source 
166. and blue light source 16S. A^ ha^ beer) described above for several embodiments, this svstem includes a collimating 
lens 34 and a polarizing beam splitting cube 48. As mentioned above, polarizing beams splitting cubes are not 100°o 
efficient, and their efficiency is dependent on the angle at which the light enters the cube and the wavelength of the light. 
As will be described immediatelv hereinafter and in accordance with the present invention, light sources 164. 166 and 
168 can be strategicallv positioned to improve the performance of polarizing beam splitting cube 48. 

•'74 As shown in Figure 19. since light sources 164. 166. and 168 can not all be positioned at the local point of 
collimating lens 34 and are slightlv spaced apart, the light emitted from each light source is directed into polarizing beam 
splitting cube 48 at slightlv difterent angles. In this example, green light source 164 is positioned at the tbcal point of 
lens 34 which collimates the green light, indicated bv lines 172. and directs the light into cube 48 perpendicular to the 
cube. Also, in this example, polarizing beam splitting cube 48 is tuned to the wavelength of the green light emitted by 
source 164. That is. a polarizing beam splining tllm 174 positioned diagonally within cube 48 is designed to have a 
certain thickness t that works most efficientlv when light of the wavelength of source 164 is directed into cube 48 
perpendicular to cube 48 as shown in Figure 19. 

•"75 Still referring to Figure 19. red light source 166 is positioned above green light source 164 a certain distance 
D3. Red light emitted from light source 166 is collimated bv lens 34 and directed into cube 48 at a particular angle A I 
which is dependent on distance [)3 as indicated bv lines 176. Because polarizing beam splitting tllm 174 is positioned 
diagonallv within cube 48 and because red light 176 is directed into cube 48 at angle AL red light 176 must pass through 
a larger distance of film 174 than green light 172 since red light 176 intersects film 174 at a larger incident angle than 
green light 172. Therefore, since red light has a longer wavelength than green light, distance 1)3 mav be selected to 
optimize angle Al and cause red light 176 to intersect film 174 at an angle that improves the efficiencv at which film 174 
acts on red light 176. This same general approach may be used for blue light source 168 positioned a distance D4 below 
green light source 164. This causes blue light emitted from light source 168 to be collimated by lens 34 and directed into 
cube 48 at angle A2 as indicated bv lines 178. Blue light 178 intersects film 174 at a smaller incident angle than green 
light 172 which results in blue light 178 passing through a smaller distance of film 174 than green light 172. Since blue 
light has a shorter wavelength than green light, distance D4 mav be controlled to improve the efilciencv at which cube 48 
acts on blue light 178. 

•"76 Although the above example has been described using red. green, and blue light, it should be understood that the 
present invention is not limited to these specific colors. Also, although onlv three colors were described, the present 
invention would equallv applv regardless of the number of colors of light being used. Furthemiore. this general approach 
of strategically placing light sources of different colors to improve the efficiencv of a polarizing beam splitting cube 
would equallv applv to other embodiments which replace the polarizing beam splitting cube with other elements. I- or 
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example, this general approach has particular signitlcance tor the embodiment ot the present in\ention shown it Figure 
12 where the polarizing beam splitting cube is replaced with an edge illuminated holographic optical element. 

^11 Although onl\ several specific embodiments of the present invention have been described in detail, it should be 
understood that the present invention ma\ be embodied in man> other specitlc forms without departing from the spirit or 
scope of the invention. For instance, each of the inventive features of the various embodiments described may be 
combined in a wide varietx of \\a\s. As mentioned above, although most of the embodiments described used Ll:Ds as 
the light source, it should be understood that a \ariet\ of t\pes of light sources ma\ be used in place of the LHDs such as 
laser diodes, cold cathode or Held emitter cathodoluminescent sources, incondescent and tlourescent lamps together with 
a sw itchable color filter such as Displa>teck's RGB Fast Filter color tllter. and a \ariet\ of other light sources. Also as 
mentioned above, although man\ of the embodiments were described as including individual light sources, such as lJ:Ds. 
it should be understood the these light sources ma\ be made up of a cluster of light sources tiled together to form the light 
source and the cluster of light sources mav include light sources which emit light of different colors therebv providing a 
color version of the svstem. Furthermore, although a polari/ing beam splitting cube has been used in several examples, 
this is not necessarilv a requirement of the present invention. Other beam splitters mav be used in combination with an 
auxiliar\ polarizer and an auxiliarv analvzer. However, applicants have found that when using a spatial light modulator 
which modulates light by changing the polarization of the light, a polarizing beam splitter is more efficient than other 
beam splitters even when auxiliarx polarizers and analyzers are used because the polarizing beam splitter onl\ wastes 
light of one polarization. 

^78 Therefore, the present examples are to be considered as illustrative and not restrictive, and the invention is not to 
be limited to the details given herein, but may be modified within the scope of the appended claims. 
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